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Several experiments suggest the existence of narrow excited states in the nucleon below the nN threshold. 
Taking all information together a series of states emerges at masses of 940, 966, 985, 1003, rrn, 1044, me, 
1094 MeV above the nucleon ground state at 940 MeV with nn and me missing. A model based on the 
excitation of collective states of the quark condensate is proposed explaining these states as multiple production 
of a "genuine" Goldstone Boson with a mass of « 20 MeV . The model also accounts in a natural way for the 
non-observation of nn and me. It suggests an explanation of the mass gap problem of the hadronic spectrum 
and a confinement mechanism. 
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I. INTRODUCTION 

Recently two experiments reported about narrow exited 
states of the neutron below the tt threshold [jjj B]. In the first 
[jl|] the reaction pp — > pir + N* has been investigated at three 
energies of T p = 1520, 1805, and 2100 MeV. Three peaks 
about 5 MeV wide at 1004, 1044, and 1094 MeV were ob- 
served in the covered mass range 960 < m^, < 1170 MeV 
with a statistical significance between 17 and 2 standard devi- 
ations. In the second experiment [Q] also three peaks are found 
in a partially overlapping mass range in the pd — > ppX\ re- 
action with Xi — N* — > A^7 at a p energy of 305 MeV. 
From a measurement of the pp the missing mass of XI at 
966 ± 2, 985 ± 2 and 1003 ± 2 MeV were determined with an 
experimental width of 5 MeV and about 6 standard deviations 
statistical significance. These peaks were assigned to "super 
narrow dibaryons" states, but can as well be interpreted as nar- 
row excited states XI of the nucleon. A third evidence comes 
from a measurement of the jp —> pj Compton scattering in 
the photon-energy range 60 < E 1 < 160 MeV where a peak 
with an experimental resolution of 5 MeV at w 1048 MeV 
with 3.5 standard deviations is observed In the charge ex- 
change reaction pp — * nX ++ , however, no doubly charged 
excited nucleons X ++ could be found [H]. Since such narrow 
states in the nucleon are very surprising indeed, they meet a 
considerable scepticism. 

In this paper these peaks are taken serious as nar- 
row states of the nucleon and a model for their expla- 
nation is proposed. The model starts from the obser- 
vation that the series of masses taking all experiments 
together and including the neutron ground state gives 
940, 966, 985, 1003, m 4 , 1044, m 6 , 1094 MeV with m 4 and 
77i6 missing. If one completes the series with 777,4 = 
1023 MeV and 777,6 = 1069 MeV, then the masses are 
equidistant within the errors with an average mass difference 
of 8m — 21.2 ± 2.6 MeV. This mass difference is close to 
the best guesses of two times the mass of the light current 
quarks m q = 8 • • • 14 MeV ^ Somewhat against the cur- 
rent thinking we hypothesize the existence of a light pseudo 
scalar meson ( J p = _ ), i.e. a light 'V, with a mass of 
nought Tv — "Zrriq — 21 MeV . The basic idea is now that the 
series of excited states is due to the nucleon in its ground state 
plus 1,2,3,... light 7rs as the quantum of excitation with the 
energy mi ight7T . 

The pseudo scalar character of the light n explains natu- 



rally the missing of the states #4 and #6. The experiment in 
ref. [jl|] detected the p and ir + in the pp — ► pir + N* reaction in 
one spectrometer with a very small relative angle at the same 
time. Since the cross section peaks very strongly in forward 
direction with respect to the beam (6 rs 5°), this means that 
the outgoing p and tt carry no angular momentum and only 
odd parity states in the N* can be excited. On the other hand, 
in the pd — > ppX\ reaction the proton on the left hand side 
was measured at 0l — 70° and the proton on the right hand 
side at angles of 8r = 34°, 36°, and 38°. Therefore, odd and 
even partial waves of the outgoing particles are possible and 
allow the population of odd and even parity states in TV*. The 
presence of the second nucleon in the pd — > ppX\ reaction 
may provide the effect of the ir present in the first reaction. 
The peak at m^r. w 1048 MeV in the jp —> pj reaction is 
a J p = 1/2 - state and due to an El transition dominating 
at low energies E 1 . All excited nucleons suggested in these 
experiments have positive or no charge N* 0,+ and can decay 
electromagnetically. On the other hand, the N* ++ = X ++ 
in the experiment of ref. [||] could decay only weakly and had 
a survival time t n ,++ k 10~ 3 s. This feature was used to 
search for the N* ++ directly in a magnetic spectrometer, but 
as already mentioned with negative result. As will be dis- 
cussed in section [ni| the light it couples only very weakly and 
has a small overlap with the usual ir making it unlikely to ex- 
cite the N* states in the pp charge exchange reaction. 

However, it is well known that a light ir has never been ob- 
served as free particle and one has to give more justification 
for this proposal and reconcile it with the known physics. One 
fact of this known physics is the success of the constituent 
quark model (see e.g. ref. [j7|] and references therein). This 
model uses "constituent" quarks with the naive estimate of 
the quark mass m c w 350 MeV, i.e. one third of the nu- 
cleon mass. Therefore, the ir had to have as any other meson 
at least a mass of gl 700 MeV. However, the ir observed 
in nature has a mass of 138AfeV. The model described in 
the following assumes that the it observed in nature is not the 
Goldstone Boson, it is normally identified with, but a mix- 
ture of the "genuine" Goldstone Boson -kq, i.e. the light 
7r suggested above consisting of light current quarks, with a 
"constituent" ir c made of constituent quarks with a mass of 
m 7 r c = 2m c = 700 MeV. It will turn out that the mixture of 
these states will reproduce the observed ir mass and explain in 
a natural way the so called "gap problem", i.e. the large mass 
gap between the mass of the hadronic scale of m p w 2m c and 



2 



the mass of the observed ir (see e.g. [0]). 



II. MODEL 

The model follows the formulation of the schematic model 
of G.E. Brown [|8p for the description of collective states 
in nuclei as particle-hole excitation and this paper adopts 
closely his notation. The Goldstone Boson is denoted by 
ttq = \q C urr.<icurr.) = \mi) and the constituent pion by 
tt c = \q C onst.qconst.) = \nj). They represent particle-hole 
excitations of the QCD vacuum where m, n label the parti- 
cle and i, j the hole states. The possible propagation of the 
particle-hole states are depicted in fig.[j] The model assumes 






FIG. 1: Graphical representation of particle-hole states. 

the suppression of the closed Fermion loop coupling to the 
particle-hole state inside the confinement cavity. This assump- 
tion will be discussed in section Q item 1) . The particle-hole 
interaction is described by a non relativistic Hamiltonian 
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where the a and <r are the creation and annihilation operators, 
respectively. The kinetic energy operator T is a one body and 
the particle-hole interaction V a two body operator. The bind- 
ing energies of the quarks to 7rs is much smaller than their 
mass as will be discussed below in section [n[ item 3), jus- 
tifying the non relativistic treatment. The off-diagonal matrix 
elements of the particle-hole interaction is then given by 

(mi\H\nj) — (mj\V\in) — (jm\V\in). (2) 

For the diagonal matrix elements one gets 

(mi\H \mi) = (e m — ej) + (mi\V\irn) — (im\V\im) (3) 

The particle-hole single particle energies are here just given 
by the total energy of the qq pair created out off the vacuum, 
i.e. 

TYhrii — (4) 

The particle-hole interaction mixes the particle-hole states as 
already mentioned. In order to find the energy eigenvalues E 
of the mixed states one has to solve the secular equation: 



[mi\H\nj)c n j = Ec n 



(5) 



For the determination of E one observes that only the 
left hand diagram in fig. [j] contributes essentially. The right 
hand diagram is an exchange diagram propagating the en- 
ergy equivalent to the mass difference of the constituent quark 
to the current quark. Since this difference is of the or- 
der 700 MeV the exchange matrix element will be small 
compared to the particle-hole creation and annihilation ma- 
trix element which does not propagate energy or momen- 
tum. It is now assumed that the S matrix represented by 
the particle-hole propagation is unitary. Consequently, the 
creation-annihilation matrix element factorizes according to: 



(mj\V\in) = \{mj\V\0)(0\V\in) 



(6) 



where V represents the qq transition at the vertices in fig. [jj 
This factorization is familiar from the more complete RPA de- 
scription of collective particle-hole excitations in nuclei. The 
factor A takes care of the slight violation of unitarity due to the 
neglect of the exchange diagram. The absolute squares of the 
matrix elements (mjlV^O) | 2 = m m j and |(0|t^|m)| 2 = m n i 
are just the masses of the particle-hole states. 

Putting all equations together one arrives at the secular 
equation: 
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For the two possible particle-hole states mixing here the sec- 
ular equation takes finally the simple form: 
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(8) 



The solution of this equation is most easily visualized by a plot 
of the right hand side and the left hand side as a function of 
E. This plot is shown in fig. |2| The physical solution appears 
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FIG. 2: Graphical solution of the secular equation (^). 

at E = m„ = 138 MeV with the fitted A = -0.94 if one 
chooses nriG = 21 MeV and m c — 700 MeV as discussed 
above. Since A ~ — 1 this solution shows that the creation- 
annihilation diagram dominates indeed and that the particle- 
hole interaction is attractive as required. 
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HI. DISCUSSION 

It is evident that the proposed identification of the Gold- 
stone Boson having J p = 0~ explains the combined experi- 
mental results for the narrow nucleon states presented above. 
If the available energy is below the 7r-nucleon threshold one 
can just see the excitation of a series of "genuine" Goldstone 
Bosons in the nucleon spectrum. In other words the energy 
available below the it threshold and the binding of ttq to the 
nucleon cause a de-mixing of the Goldstone ttq and the con- 
stituent 7r c . Narrow mass steps could of course not be seen in 
the meson spectra since already the ground state of the mesons 
decay in normal 7rs and, therefore, the Goldstone ttq mixes 
with the constituent ir c through the energy available in the de- 
cay. 

It is interesting to consider also the narrow dibaryon states 
claimed so far since they could be naturally explained as nar- 
row bound states composed of NN* or N*N*. A compilation 
of the references of these states and a mass spectrum derived 
from them is given in ref. It is striking that this spec- 
trum of narrow dibaryon states shows a rather equidistant level 
spacing. Fig. [3] depicts this spectrum after ref. [|| together 
with a straight line fit to the masses m = 1867.5 MeV + 
n ■ 36.7 MeV where n is the number of steps with the exci- 
tation quantum 36.7 M eV. The probability that the observed 
spectrum is found accidentally is given in good approximation 
by W = (cr/Am)^- 1 ) « 1CT 20 where a = 6 MeV is the 
variance of the observed masses with respect to the hypothet- 
ical equidistant spectrum and Am = 406 MeV is the mass 
interval considered. It is important to note that the authors 
of ref. |J had no bias to a hypothesis of equidistant dibaryon 
masses. The level spacing is very close to two times the mass 
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FIG. 3: The experimental dibaryon masses according to ref. [g] 
against the number of excitation quanta n. 

of the assumed light Goldstone Boson though no attempt has 
been made to correct for the effect of the binding energy of 
the dibaryons. As already argued the proposed model implies 
that in most experiments only the natural parity states are ex- 
cited so that the unnatural parity states are missing and the step 
width is indeed two times the mass of the excitation quantum, 
i.e. the light Goldstone Boson mass. 

The model implies some noteworthy further conclusions: 



1) The free n observed in nature is not the true Goldstone 
Boson, but a mixed state of the "genuine" Goldstone Boson 
composed of current quarks with a mass m q w 10 MeV and 
the constituent tt c composed of constituent quarks with a mass 
of m c k 350 MeV. This idea represents a modification of the 
usual dynamical generation of the ir mass through coupling 
of the particle-hole to the quark condensate (0|oo|0) in the 



Nambu-Jona-Lasinio (NJL) model (see e.g. ref. [J7J, [10||. The 
NJL model does not know confinement and a coupling to the 
closed Fermion loop, i.e. to the quark condensate, is always 
possible. In order to explain the narrow N* states, however, 
one had to assume that the coupling of the particle-hole state 
to the closed Fermion loop disappears inside the confinement 
cavity. This meant that the quark condensate is "expelled" out 
off the nucleon leaving a cavity with a real vacuum inside as 
suggested by the "color diaelectric model" (see e.g. ref. [^|). 
More generally, the quark condensate as the leading order pa- 
rameter of the spontaneously broken symmetry is a theoretical 
concept and is not yet experimentally established [O]. 

2) The Goldstone Boson does not interact at all in the chiral 
limit m q — > (see e.g. [^]) and it is reasonable to assume 
that the "genuine" Goldstone Boson -kq interacts only very 
weakly. This assumption explains why the narrow states have 
not been observed in less sensitive Compton scattering exper- 
iments than that of ref. [|]] as already remarked in ref. [O], 
Due to this very weak coupling -kq will have very little influ- 
ence in dispersion relations, as e.g. for the form factors, or on 
polarizabilities of the 7r and nucleon. 

The chiral loops in the framework of the Chiral Perturbation 
Theory (ChPTh) (see e.g. ref. [^, ^]) have, however, to be re- 
considered. Since the 7r mass is an effective parameter in Ch- 
PTh and only requested to be small compared to the hadronic 
scale m p w 700 MeV it appears possible that a consistent 
picture also with ttq emerges. In this modification of Ch- 
PTh the coupling constants and low energy constants had to 
be changed. It could also be that the n mass in ChPTh is 
a more delicate parameter than realized so far. For observ- 
ables with external 7rs one had to take the asymptotic mass 
TO^r = 138 MeV with strong coupling. In the chiral loops one 
either has to modify the low energy constants for the "gen- 
uine" Goldstone 7rs with ttiq ks 20 MeV or had to take the 
effective its with produced by a self consistent conden- 
sate of -Kq. 

3) The binding energy of a system of two current quarks 
qq by the familiar one gluon exchange potential V(r) — 
(4/3)a s (Q 2 )/r to ttq is eb = —2 MeV if one uses the sat- 
uration value a s = 0.5 for Q ^ 2 GeV/c suggested by the 
analysis of jet shapes §L3jj. This value of a s is low in com- 
parison to the running coupling value and means that beside 
Aqcd a second scale is introduced. Consequently, the -kq 
would be a relatively large object with a size estimated by the 
Compton wave length Xcompton = h/21 MeV/c w 10 fm. 
This means that the correlation length of chiral symmetry 
would be much larger than the best estimate of the confine- 
ment radius of R ccm f. ~ 1 fm [01 ■ Therefore, the overlap of 
the N* = (n ■ ttg)N states with the ground state of the nu- 
cleon is small and together with the very weak ttq N coupling 
gives a further reason why it is so difficult to see the -kq in 
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experiments. 

4) The mechanism proposed in this paper provides for a 
natural explanation of the "gap problem". It is, however, un- 
clear how this relates to deeper considerations of this problem 
001. 

5) The existence of a light Goldstone Boson would also 
provide a mechanism for the quark confinement. A free non- 
confined quark would be naturally a constituent quark, i.e. one 
dressed with gluons and a mass of m c w 350 MeV + m q . 
The binding energy €b of a system of q c q c by the mentioned 
one gluon exchange potential is = —32 MeV if one uses 
the saturated value a s = 0.5 of ref. jl3[]. This is certainly a 
lower bound of | ee \ ■ If | es | is larger than the mass m,Q of the 
"genuine" Goldstone Boson a quark could never escape since 
before it did, as many Goldstone Bosons as energy is available 
would be produced, effectively taking away the energy of the 
quark above the ground state. Since the Goldstone Bosons 
interact only very weakly with the colored constituents the in- 
fluence on the quark binding potential would be weak. Before, 
however, such a picture can be established self consistent cal- 
culations including all effective degrees of freedom, i.e. the 
constituent quarks, the Goldstone Bosons and the gluons had 
to be performed. 

6) The lattice gauge theory allows for such a self consistent 
calculation, but it may miss the physics of the effective degree 
of freedom represented by the Goldstone Boson because its 
correlation length is, as argued, 10 fm and all lattices used 



are much smaller. In view of the computers considered to be 
already to small for the lattices used so far, it is a good idea 
to add to the QCD on the lattice the Goldstone Boson as an 
effective degree of freedom from the outside. Work in this 
direction is in progress 

7) The model accounts in a trivial way for the "non phase 
transition" behavior in the mass spectrum of mesons [pjp, i.e. 
the smooth decrease of the mass splitting as a function of the 
current quark mass. Due to the large masses of heavy current 
quarks a meson made of heavy quarks is not a Goldstone Bo- 
son in the strict sense. But, the mixing of the current-quark 
meson with the constituent-quark meson in the framework of 
this model reproduces this aspect in a natural way. 

8) The proposed light Goldstone tt represents an axial cur- 
rent. The excited narrow nucleon states below the tt threshold 
will, therefore, produce a parity violation in the p(e, e')N* 
reaction. Since the N* states are not resolved experimentally 
from the ground state in the ongoing parity violation experi- 
ments, one has to be careful about the interpretation of their 
results and the conclusion about the strange quark content in 
the nucleon (for a review see e.g. [|l^]). 

The author is indebted to Reinhard Beck, Dieter Drechsel, 
Jorg Friedrich, Stefan Scherer, Marc Vanderhaegen and Wol- 
fram Weise for helpful discussions. This work has been sup- 
ported by SFB 443 of the Deutsche Forschungsgemeinschaft 
(DFG) and the Federal State of Rhineland-Palatinate. 
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